Comparison of the effect of post-heparin and pre-heparin lipoprotein lipase and hepatic triglyceride lipase on remnant lipoprotein metabolism. Results: LPL activity and concentration in the post-heparin plasma exhibited a significant inverse correlation with TG, RLP-C, RLP-TG, and RLP particle size estimated as RLP-TG/RLP-C ratio and sdLDL-C, and positively correlated with HDL-C. HTGL was only inversely correlated with HDL-C. LPL concentration in the pre-heparin plasma was also inversely correlated with the RLP-TG/RLP-C ratio and other lipoprotein parameters. Adiponectin was inversely correlated with RLP-TG/RLP-C ratio and apoC III was positively correlated with RLP-TG/RLP-C ratio, but not correlated with LPL activity. Conclusion: LPL activity and concentration were inversely and significantly correlated with the particle size of RLP in both the post-heparin and pre-heparin plasma. Those results suggest that LPL concentration in pre-heparin plasma can take the place of LPL activity in the post-heparin plasma.
Introduction
Remnant lipoprotein (RLP) metabolism is known to be regulated by lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) [1] [2] [3] . LPL plays a central role in triglyceride-rich lipoproteins (TRLs) metabolism by catalyzing the hydrolysis of triglycerides (TG) in chylomicrons (CMs) and very low-density lipoprotein (VLDL) particles and is a useful biomarker in diagnosing Type I hyperlipidemia [4] and also prediction of cardiovascular diseases [5] . HTGL has been recognized to play a role in catalyzing the hydrolysis of the smaller remnants into LDL [6] . We previously reported that postprandial RLPs in a 4 h period after a fat load are significantly larger in particle size compared to the fasting state, with a TG increase in RLPs [7] . The interaction of those lipase activities with the associated lipoproteins and RLP particle size in the fasting and postprandial plasma was the focus of this investigation.
The accumulation of RLPs of large particle size after an oral fat load is mainly due to the delayed metabolism of VLDL by LPL [7, 8] . LPL and HTGL activities and concentrations, both with and without a heparin injection, were pursued in order to elucidate the plasma TRL metabolism, especially in terms of the effect on the RLP particle size, estimated by RLP-TG/RLP-C ratio compared with HPLC assay by Okazaki et al. [9] . If there is a close similarity between the RLP particle size in pre-and post-heparin plasma, it may be possible to eliminate the heparin injection that is commonly used to measure LPL and HTGL activities and concentrations for clinical diagnostic purposes. Non-heparinized plasma (pre-heparin plasma) is known to contain a considerably large amount of LPL, but the activity of TG hydrolysis is very low or non-detectable. Watson et al. [10] tried to measure this low level of LPL activity by increasing the serum volume and prolonging the incubation time, but they still did not find a meaningful association between the preheparin LPL activity and the lipoprotein concentrations, suggesting that the plasma LPL concentration does not reflect a significant role in lipid metabolism, at least via its lipolytic activity.
However, recent studies have revealed that catalytically inactive LPL in pre-heparin plasma can act as a ligand for lipoprotein receptors and glucosaminoglycans in the liver [11] [12] [13] [14] [15] . Thus, catalytically inactive LPL might participate in lipoprotein metabolism via its ligand function rather than its lipolytic function. Because it is catalytically inactive, the measurement of pre-heparin LPL concentration has not received much attention as a diagnostic marker in clinical laboratories, despite the extensive studies reported by Shirai and et al. [16] [17] [18] [19] [20] [21] [22] [23] and others [24, 25] .
Materials and methods

Study subjects
The study in relatively healthy young volunteers (some cases were overweight or obese) in a male (n = 36) and female (n = 40) population (Caucasian 45, Asian 10, Hispanic 9, African American 7, others 5) with a median age of 24 and BMI of 24 at the University of California, Davis (Table 1) . Inclusion criteria included age from 18 to 40 y and BMI of 18-35 kg/m 2 with a self-report of stable body weight during the prior 6 months. Exclusion criteria included evidence of diabetes, renal disease, or hepatic disease; fasting serum TG concentrations greater than 400 mg/dl; hypertension (N 140/90 mm Hg); and history of surgery for weight loss. Individuals who smoked, reported exercise of N3.5 h/week at a level more vigorous than walking, or reported having used thyroid, lipid-lowering, glucose-lowering, antihypertensive, antidepressant, or weight-loss medications were also excluded. Seventy six volunteers were injected with heparin for the LPL and HTGL activity assays. The University of California at Davis Institutional Review Board approved the experimental protocol and the subjects provided written informed consent to participate in the study. Baseline blood samples of fructose and glucose study by Stanhope et al. [26] were provided for this study and all the parameter analysis were performed at Gunma University. Fasting blood samples were collected at 08:00 h before breakfast and postprandial blood samples were collected at 20:00 h after dinner on the same day. During the day, standardized meals were provided as breakfast, lunch and dinner to all of the volunteers. The energy content of the meals was based on each subject's energy requirements as determined by the Mifflin equation [27] .
Determination of lipids and lipoproteins as well as lipase activities and concentrations
The plasma samples for the measurement of TC, TG, HDL-C, LDL-C, RLP-C, RLP-TG and sdLDL-C were withdrawn before (pre-heparin plasma) and after heparin injection (post-heparin plasma) and kept frozen at − 80°C until analysis. As LPL and HTGL activities were not detectable in the pre-heparin plasma, all of the lipase activities in this study were determined in the post-heparin plasma by the method of Imamura [28] . Briefly, the post-heparin plasma was withdrawn 15 min after the intravenous injection of 50 units of heparin/kg body weight for the assay of LPL, HTGL activity and concentration. The LPL and HTGL activity assays were an automated kinetic colorimetric method in post-heparin plasma by using a natural long-chain fatty acid, 1,2-diglyceride as substrate for assaying HL activity and with the presence of apoC-II for assaying LPL activity. LPL activity was calculated after subtracted HTGL activity from total lipase activity after adding apo CII. LPL and HTGL hydrolyzed the clear substrate solution to produce a 2-monoglyceride, which in turn releases glycerol by the action of a 2-monoglyceride lipase. The glycerol produced is then assayed by a sequence of enzymatic actions that produce a violet quinone monoimine dye. The accuracy and stability of this activity assay were reported previously by Imamura et al. [28] . The pre-heparin LPL and HTGL concentrations were determined by the highly sensitive and specific ELISA kit (IBL, Fujioka, Japan) recently developed by Miyashita et al. [29] . The TC and TG concentrations were determined enzymatically. The LDL-C and HDL-C concentrations were measured using a homogenous method (Kyowa Medex, Tokyo). Glucose and insulin were determined by PolyChem (Polymedco, NY). RLP-C and RLP-TG were determined by an immunoseparation method (JIMRO II, Otsuka, Tokyo) [30] . Small dense LDL-C was determined by the method of Ito et al. [31] .
Statistical analysis
Data were analyzed with Dr. SPSS II (SPSS).The data are presented as median values with 25th and 75th percentile values, rather than as mean values with standard deviation. The statistical significance of difference was determined by Mann-Whitney U-test. Pearson's correlation coefficients (r = value) were determined and single linear regression analysis was performed to detect associations between variables. P b 0.05 was considered statistically significant.
Results
3.
1. Post-heparin plasma lipids, lipoproteins, LPL and HTGL activity and concentration analyses in the fasting and postprandial states. Table 1 indicates the demographic data on 76 volunteers recruited at UC Davis, CA. Table 2 indicates that the mean total cholesterol (TC), LDL-C and HDL-C levels were within a normal range in the fasting and postprandial plasma. TG, RLP-C, and RLP-TG were significantly elevated in the postprandial plasma, but TC, LDL-C, HDL-C and sdLDL-C did not change. RLP-TG/RLP-C ratio in the postprandial plasma increased 2.6 fold compared to the fasting plasma both in pre-heparin and postheparin plasma. LPL activity was significantly reduced in the postprandial plasma, but LPL concentration was not. HTGL activity and concentration were unchanged in the postprandial plasma. Both LPL and HTGL activities were not detected in pre-heparin plasma. HTGL concentration was detected negligible level compared to LPL concentration in pre-heparin plasma.
3.2.
A single linear regression analysis of these parameters in the post-heparin and pre-heparin plasma.
A). TG correlations with the post-heparin and pre-heparin LPL and HTGL activities and concentrations in the fasting and postprandial plasma.
In post-heparin plasma (Table 3) , TG concentration was inversely and significantly correlated with LPL activity and concentration in both the fasting and postprandial plasma, respectively, while no correlation was found with HTGL activity or concentration in either the fasting or postprandial plasma.
In pre-heparin plasma (Table 4) , TG concentration was inversely correlated with LPL concentration in both the fasting and significantly correlated in postprandial plasma, while no correlation was found with HTGL concentration in either the fasting or postprandial plasma. B). RLP-C correlations with the post-heparin and pre-heparin LPL and HTGL activities and concentrations in the fasting and postprandial plasma
In post-heparin plasma (Table 3) , RLP-C was inversely and significantly correlated with the LPL activity and concentration in the fasting and postprandial plasma respectively, while no correlation was found with HTGL activity in either. In pre-heparin plasma (Table 4) , RLP-C correlations with LPL and HTGL concentration were inversely correlated with LPL concentration in both the fasting and postprandial plasma, respectively, while no correlation was found with HTGL concentration in either.
C). RLP-TG correlations with the post-heparin and pre-heparin plasma LPL and HTGL activities and concentrations in the fasting and postprandial plasma
In post-heparin plasma (Table 3) , RLP-TG was inversely and significantly correlated with LPL activity and concentration in both the fasting and postprandial plasma, respectively, and positively correlated with HTGL concentration in the postprandial plasma (not correlated in the fasting plasma, but positively correlated in the postprandial plasma). The positive correlation between RLP-TG and HTGL activities means that HTGL does not hydrolyze RLP-TG.
In pre-heparin plasma (Table 4) , RLP-TG was inversely and significantly correlated with LPL concentration in both the fasting and postprandial plasma. The correlation with RLPs and HTGL was not able to calculate because of the negligible concentration of HTGL in preheparin plasma. Those results indicated that HTGL did not play a significant role in RLP metabolism in both pre-and post-heparin plasma. D). sdLDL-C correlations with the post-heparin and pre-heparin plasma LPL and HTGL activities and concentration in the fasting and postprandial plasma
In post-heparin plasma (Table 3) , sdLDL-C was inversely and significantly correlated with LPL activity and concentration in the fasting, but not in the postprandial plasma, while no correlation was found with HTGL activity in either the fasting or postprandial plasma. Furthermore, sdLDL-C with TG, RLP-C and RLP-TG were positively and significantly correlated with both in the fasting and postprandial plasma.
In pre-heparin plasma (Table 4) , sdLDL-C was inversely and significantly correlated with LPL concentration in both the fasting and postprandial plasma, while no correlation was found with HTGL activity in either the fasting or postprandial state. Furthermore, sdLDL-C was positively and significantly correlated with TG, RLP-C and RLP-TG in both the fasting and in the postprandial state, respectively. E). HDL-C correlations with the post-heparin and pre-heparin plasma LPL and HTGL activities and concentrations in the fasting and postprandial plasma
In post-heparin plasma (Table 3) , HDL-C was positively and significantly correlated with LPL activity and concentration in the fasting and postprandial plasma and inversely and significantly correlated with HTGL activity and concentration in both the fasting and postprandial plasma. In pre-heparin plasma (Table 4) , HDL-C was positively and significantly correlated with the LPL concentration in the fasting and postprandial plasma and there was no correlation with HTGL in the fasting and postprandial plasma because of the negligible concentration of HTGL in pre-heparin plasma. In post-heparin plasma, the RLP-TG/RLP-C ratio was inversely and significantly correlated with LPL activity and concentration in the fasting and postprandial plasma, respectively (Fig. 1) , while no correlation was found with HTGL activity and concentration in either the fasting and postprandial plasma activity, but correlated positively in postprandial HTGL concentration (Fig. 2) . Positive correlation means that HTGL does not play a role to hydrolyze RLP.
In pre-heparin plasma, the RLP-TG/RLP-C ratio was inversely and significantly correlated with LPL concentration in the fasting and postprandial plasma (Fig. 3) as correlated with LPL activity. Neither HTGL activity nor concentration was detected in pre-heparin plasma.
Correlations of RLP-TG/RLP-C ratio with the adiponectin and apoC III in the post-heparin plasma
In post-heparin plasma, the RLP-TG/RLP-C ratio was inversely and significantly correlated with adiponectin in both the fasting and postprandial plasma (Table 3 ). In pre-heparin plasma, the RLP-TG/RLP-C ratio was inversely and significantly correlated with adiponectin in both the fasting and postprandial plasma (Table 4 ; Fig. 4) .
RLP-TG/RLP-C ratio in post-heparin plasma was positively and significantly correlated with apoCIII in the fasting and postprandial plasma (Table 3) . RLP-TG/RLP-C ratio in pre-heparin plasma was also positively and significantly correlated with apoCIII in the fasting, but not significantly in the postprandial plasma (Table 4) .
Correlations of LPL activity and concentration with the adiponectin and apoCIII in the post-heparin plasma
In post-heparin plasma, LPL activity was not correlated with adiponectin in either the fasting or postprandial plasma (Table 3) . However, in pre-heparin plasma, LPL concentration was positively and significantly correlated with adiponectin in the fasting and postprandial plasma (Table 4 ; Fig. 5 ).
In post-heparin plasma, LPL activity was not significantly correlated with apoCIII in both the fasting or postprandial plasma (Table 3) . Also in pre-heparin plasma, LPL concentration was also not correlated with apoCIII in both fasting and postprandial plasma (Table 4) , indicating no direct inhibitory effect of apoCIII on LPL activity.
Discussion
We reported previously that postprandial RLPs increased significantly after food intake and exhibited a 4.4 fold increase of RLP-TG/RLP-C ratio in a 4 h period after fat intake reflecting the RLP particle size, along with a specific increase in RLP-TG, which is mainly composed of VLDL remnants [7, 8] . The VLDL remnants, which were not fully metabolized by lipases and remained in the plasma after food intake, have significantly large TG-rich particles. To the best of our knowledge, this is the first report on a relationship between the particle size of remnant lipoproteins and the associated LPL and HTGL activities and concentrations in the fasting and postprandial plasma. We have found that the preheparin plasma LPL concentration displays a high degree of similarity with post-heparin plasma LPL activity in terms of TRL metabolism, particularly judging from the comparative study of RLP particle size. The RLP particle size may be the most appropriate marker to elucidate the effect of lipase activities. The slope of the relationship between the RLP particle size and different variables in the postprandial plasma was more significant than those in the fasting plasma. We confirmed that the plasma TG, RLP-C, RLP-TG and sdLDL-C concentrations were inversely correlated with LPL activities and concentration in the post-heparin plasma, as previously reported [3] . However, in this study population, LPL and HTGL activities and concentrations and associated lipoproteins in the post-heparin plasma were not necessarily consistent between in the fasting and postprandial plasma. This is probably because lipase activity gradually decreases at room temperature, which makes it difficult to use effectively for general clinical examination purposes. Further, it is still a matter of debate as to how much Table 4 A single regression analysis of these parameters in pre-heparin fasting and postprandial plasma. sdLDL [32, 33] . However, our data did not show a correlation between HTGL activity and either RLPs or sdLDL-C concentration, although we found a strong inverse correlation between LPL activity and the sdLDL-C concentration in the same cases. As it is known that sdLDL is positively correlated with TG and RLPs in plasma [3, 33] , these data suggest that RLPs are the precursors of sdLDL and metabolized mainly in the same pathway by LPL, but not by HTGL. From these data, HTGL does not seem to play a significant role in the metabolic pathway of remnant lipoprotein metabolism, unlike the studies reported previously [6, [34] [35] [36] [37] , but rather, plays a definitive role in HDL metabolism in human plasma [3] .
The RLP-TG/RLP-C ratio, an estimated index of RLP particle size, which was first reported by Okazaki et al. using an HPLC analysis [9] , was found to be inversely correlated with LPL activity and concentration in both the pre-and post-heparin plasma, but no correlation was found with the HTGL activity or concentration. The pre-heparin LPL concentration was also inversely correlated with RLP-TG/RLP-C ratio in the postprandial plasma in similar fashion to the post-heparin plasma LPL activity. Although the RLP-TG/RLP-C ratio in pre-heparin plasma exhibited a trend of being inversely correlated with the LPL concentration in the fasting plasma, it was not statistically significant, probably because of a low TG concentration in the fasting plasma. Adiponectin is a plasma protein expressed in adipose tissue that is known to be closely associated with LPL and cardiovascular risk [38] . Interestingly, adiponectin in pre-heparin plasma was inversely and significantly correlated with the RLP-TG/RLP-C ratio and positively correlated with LPL concentration, but adiponectin was not correlated with LPL activity in post-heparin plasma. These results indicate that LPL concentration in pre-heparin plasma is more physiologically associated with adiponectin than the maximum LPL activity or concentration dissociated from endothelium after heparin injection. Therefore, LPL activity or concentration when measured in post-heparin plasma may not reflect the physiological condition on TG-rich lipoprotein metabolism. LPL concentration in pre-heparin plasma may present more diagnostic usefulness than the measurement of LPL activity in post-heparin plasma. Apo CIII is a well-known inhibitor of LPL activity [39] . However, there was no direct correlation between LPL activity and apoCIII concentration in the fasting and postprandial plasma (Table 3 ). However, apoCIII was positively correlated with the RLP-TG/RLP-C ratio, as shown correlated with RLP-C and RLP-TG, respectively [40] , but it does not seem to inhibit LPL activity directly in plasma. ApoCIII may exert an inhibitory effect on the receptors which are associated with the ligand function of LPL rather than inhibiting the lypolytic activity of LPL. ApoC1 seems to be more direct inhibitor of LPL in RLP [41] .
In conclusion, a significantly increased particle size of RLP, estimated by the RLP-TG/RLP-C ratio, was observed in the postprandial plasma. LPL activity and concentration in post-heparin plasma were inversely correlated with the RLP particle size, but HTGL was not. These results suggest that RLPs are mainly metabolized by LPL in both the postheparin and pre-heparin plasma. LPL was positively correlated with adiponectin levels, but not with the apoCIII levels. As RLPTG/RLP-C ratio and other lipoproteins in TRL metabolism were shown to be inversely correlated with LPL activity (post-heparin) and concentration (pre-heparin) in the same manner, LPL concentration in the preheparin plasma may effectively take the place of LPL activity in the post-heparin plasma for clinical diagnosis purpose.
